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SUMMARY

High-altitude turbojet performance is adversely affected by the ef-
fects of low air density. This performance loss is evaluated as a Reyn-
olds number effect, which represents the increased significance of high
fluid viscous forces in relation to dynamic fluid forces as the Reynolds
number is decreased.

An analytical and experimental investigation of the effects of low
Reynolds number operation on a single-stage, high-work-output turbine
with a downstream stator was carried out at Reynolds numbers of 182,500,
39,600, and 23,000, based on average rotor-design flow conditions.

At low Reynolds numbers and turbulent flow conditions, increased
viscous losses caused decreased effective flow area, and thus decreased
weight flow, torgue, and over-all efficiency at a given equivalent speed
and pressure ratio.

Decreasing the Reynolds number from 182,500 to 23,000 at design
equivalent speed resulted in a 5.00-point loss in peak over-all turbine
efficiency for both theory and experiment. The choking equivalent weight
flow decreased 2.30 percent for these conditions.

Limiting loading work output was reached at design equlvalent speed
for all three Reynolds numbers. The value of limiting loading work out-
put at design speed decreased 4.00 percent as Reynolds number was de-
creased from 182,500 to 23,000.

A theoretical performance-prediction method using basic boundary-
layer relations gave good agreement with experimental results over most



of the performance range at a given Reynolés number if the experimental
and analytical design operating conditions were carefully matched at the
highest Reynolds number with regard to design performance parameters.

High viscous losses in the inlet stator and rotor prevented the
attainment of design equivalent work output at the lowest Reynolds num-
ber of 23,000.

INTRODUCTION

In the operation of turbojet engines at high altitudes, the per-
formance of the compressor and turbine components is adversely affected
by the effects of the low air density. The higher losses at these con-
ditions are caused by the relatively increased effect of the viscous
forces on the fluid flow as the dynamic forces are decreased because of
the lower air density. The fluid Reynolds number, which is the ratio of
the dynamic to the viscous forces in the fluid, i1s the significant param-
eter in evaluating these performance changes.

The performance of the compressor component of turbojet engines op-
erating under simulated altitude conditlons 1s reported in references 1
and 2. The results of fundamental single- and multistage component in-
vestigations are described in references 3 to 5. These 1nvestigations
have indicated a fairly well-defined depreciation in compressor perform-
ance as the fluid Reynolds number is reduced. Similar investigations of
turbine performance when the turbine 1s operating as part of a complete
engine have not yielded such definite results. The results presented in
reference 2 indicate that some of the englires investigated had a reduc-
tion in turbine efficiency for the lowest Feynolds number level investi-
gated. No change in turbine equivalent weight flow was detected. In
reference 2 it is indicated that the efficiency change noted was par-
tially due to a shift in the turbine operating point. This type of ex-
perimental difficulty can be avoided if the turbine performance is ob-
tained in a turbine-component test facility. Such a facillity also
yields more detailed information over a wicer operating range, and it is
easier to maintain the necessary high expeiimental accuracy. In some
cases, investigations of this type over a limiting range of Reynolds num-
ber (refs. 6 and 7) have not indicated any measurable change in turbine
performance. Other investigations (refs. ¢ and 8) clearly demonstrated a
fluid Reynolds number effect on turbine ef:'iciency but did not demonstrate
a change in turbine equivalent weight flow

Experimental evaluation of the performance of a turbine operating
over a range of fluid Reynolds number is o' great value if the perform-
ance evaluation is related to the fundamen:al understanding of fluid
flow in turbomachinery. It has been common practice to correlate the



efficiency of compressors by expressing the over-all loss as an exponen-
tial function of the fluid Reynolds number (refs. 1, 3, 4, and 5). A
correlation of this type is based on the assumption that the change in
the loss 1s due entirely to a change in fluld viscous loss and therefore
depends only on fluld Reynolds number. This assumption is probably valid
for both compressors and turbines if the correlation of loss (and, hence,
efficiency) is based on the minimum loss (hence, maximum efficiency) for
equivalent operating points. However, the operating point for the peak
efficiency will probably shift slightly with fluid Reynolds number level,
thereby making an accurate correlation impossible by this method. In
order to provide a more complete understanding of the experimental data,
it is necessary to use a more complex analytical approach that will
account for the change 1n viscous loss with changes in fluid Reynolds
number, the interaction of this change in loss with other turbine losses,
and alsc the change in turbine operating point.

The performance characteristics of an experimental single-stage tur-
bine having a downstream stator were obtained in a turbine-component test
facility. The fluid Reynolds number was changed by changing the pressure
level in the facility. Complete performance data were obtained over a
range of blade speed and pressure ratio at three pressure levels corres-
ponding to rotor-chord Reynolds numbers of 23,000, 39,600, and 182,500.
The lowest Reynolds number of 23,000 would correspond approximately to
that of a turbine operating in an engine with a compressor pressure ra-
tio of 6.0 at 100-percent design speed and a turbine-inlet temperature
of 2500° R, at a flight Mach number of 1.5 and a 95,000-foot altitude.

In order to relate fundamental concepts of viscous fluid flow with
observed changes in turbine performance, an analytical turbine-
performance calculation technique was utilized. This technique made use
of experimentally determined performance at a given fluid Reynolds number
level in order to establish the turbine viscous loss coefficients. These
loss coefficients were then assumed to change with fluid Reynolds number
in a manner corresponding to turbulent flat-plate friction losses. The
performance analysis was then used to evaluate the turbine performance
over a range of pressure ratio and blade speed at Reynolds number levels
corresponding to those investigated experimentally. The results of this
analysis are compared with the experimentally determined performance.

SYMBOLS

Ay frontal area, sq ft

- ‘/Er
Co- critical velocity, ) gRT

C © constant
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gravitational constant, 32.174, ft/sec?
boundary-layer form factor, 6*/9*

turbine work, Btu/1b

loss parameter, -1 (} — )

n N Jref
total pressure, lb/sq ft
static pressure, lb/sq ft
gas constant, 53.35 ft-1b/(1b)(°R)
Reynolds number
blade spacing, ft
total temperature, °R
trailing-edge thickness, ft

blade speed, ft/sec

root-mean-square longitudinal compcnent of turbulent
perturbation velocity, ft/sec

absolute velocity, ft/sec
weight flow, lb/sec
flat-plate coordinate

absolute flow angle, angle between velocity and axial direction,
deg

ratio of specific heats

ratio of total pressure to NASA stendard sea-level pressure of
2116 1b/sq ft

displacement thickness
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function of 71,

adiabatic efficiency

squared ratio of critical velocity to critical velocity at NASA
standard conditions

boundary-layer momentum thickness, ft
blade viscous-loss parameter
gas density, lb/cu ft

torque, ft-1lb

Subscripts:

ac

av

cr

e

fs

id

in

ref

sl

actual value

average value

critical value

blade exit, trailing-edge plane
free-stream value between blade wakes
ideal value

station at inlet to a blade row

loss value

station after complete mixing occurs
station just downstream of blade row
reference value (Reynolds number, 182,500)

NASA sea-level standard conditions (Tsl = 518.79 R)



T absolute total state

t tip

X flat-plate coordinate

Z axial component or direction

measuring stations (see fig. 1)

[CN NN

-
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APPARATUS AND PROCEDURE
Test Facility and Instrumeatation

The 15-inch-tip-diameter turbine-component test facility described
in reference 9 was used in this investigation. A schematic diagram of
the installation is shown in figure 1. Ambient air was filtered in an
electrostatic precipitator and then heated to 225° F in order to avoid
the possibility of forming condensation shock; downstream of the turbine.
The airflow was measured by a calibrated ASME flat-plate orifice. Three
orifices of different diameters were used over the range of Reynolds num-
bers in order to maintain high measurement ac:uracy. After passing
through the turbine test section, the air was exhausted to the laboratory
altitude exhaust system.

The power output of the turbine was absorbed by either of two eddy-
current-type, cradle-mounted dynamometers. One of these had a power ab-
sorption capacity of 125 horsepower and was used for tests at the low
Reynolds numbers. The larger dynamometer had a 1700-horsepower capacity
and was used at the high Reynolds number cond.tion.

Rotor speed was measured with an electroiic speed counter that reg-
istered the measured rotative speed to an acciracy of 1 rpm.

The turbulence in the airstream at the tirbine inlet was measured
by a constant-temperature-type hot-wire anemoiieter of the same configu-
ration as described in appendix B and figure .6(b) of reference 10.

The circumferential and axial locations »f static-pressure taps,
total-pressure and thermocouple probes, and tie self-balancing, angle-
positioning probe actuators used in measuring flow angles are shown
schematically in figure 1(b). The instrumentition is the same as that
of reference 9 with the exception that manometer fluids of lower specific
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gravity were used to measure the lower pressures. This allowed a higher
accuracy of measurement than i1s possible with the heavier fluids commonly
used.

Trhe model turbine used in the experimental investigation was a
single-stage, high-work-output type which incorporated a downstream
stator for recovery of energy contained in the whirl component of ve-
locity at the rotor exit. The turbine was of the same design as that
described in reference 9, except that a rotor-tip-clearance recess in
the outer annulus wall was filled, and the rotor-tip radius decreased
proportionately in order to maintain suitable clearance between the
rotor tip and the wall.

Experimental Procedure

Experimental data were recorded over a range of speed and pressure
ratio at each of three Reynolds numbers in order to obtain a complete
turbine performance map at each Reynolds number. The inlet total pres-
sure was set at approximately 2.90, 5.00, and 23.00 inches of mercury
absolute in order to obtain turbine design point Reynolds numbers of
23,000, 39,600, and 182,500, respectively, based on rotor mean chord and
design relative flow conditions averaged between the rotor-inlet and
exit mean radius values. The inlet total temperature was kept constant
at 685° R.

The friction torgue of the bearings on the turbine shaft was meas-
ured over a range of shaft speeds in a separate test. This torque was
added to the dynamometer measured torgue in order to calculate the aero-
dynamic output torque of the experimental turbine. The torgque absorbed
by the bearings was about 2 percent of the over-all torque at design
speed and pressure ratio for the lowest inlet pressure investigated.

The turbulence intensity at the turbine inlet was measured by radial
hot-wire surveys at inlet pressures of approximately 25 and 5 inches of
mercury absolute.

Surveys of the flow conditions at the stator inlet indicated that
a large temperature gradient existed when the facility was operated with
low plenum pressures. Proper insulation of the inlet piping and plenum
reduced this gradient to an acceptable level.

Experimental Data Reduction and Performance Calculations
The method of calculating and presenting the turbine performance

data was the same as that of reference 9. The total pressure at a sta-
tion, as calculated by equation (1) of reference 9, is a function of



static pressure, total temperature, weight flow, and flow angle. The
rating total pressure at a station is defined as the static pressure at
that station plus the dynamic pressure contributed by the axial compo-
nent of velocity. The rating total pressure is calculated by using egua-
tion (2) of reference 9.

The experimental torque and weight flow data were plotted against
over-all rating total-pressure ratio for lines of constant equivalent
blade speed at each of the three Reynolds nurbers investigated. These
data were faired and used to develop performence maps at each Reynolds
number in the same manner as in reference 9. The over-all turbine ef-
ficiency was obtained from blade speed, weight flow, aerodynamic torque,
and the ideal work, which was determined from the calculated pressure
ratio. The aerodynamic equivalent torque was obtained by correcting the
dynamometer measurement for bearing friction.

The intensity of free-stream turbulence is important in correlating
experimental results obtained in a given test installation with those
obtalned in others over a range of Reynolds rumbers. It is also signif-
icant in considering to what extent the boundary layer is laminar on the
blade surfaces. The intensity of turbulence is represented by a param-

=

eter 7 which is defined as the root-mear-square of the turbulent

perturbation velocity divided by the free-strxeam velocity. The param-
eter expresses turbulence as a percentage of the free-stream velocity
and was calculated from hot-wire voltage measurements using equation
(BL) of reference 10. The average intensity of turbulence in the inlet
annulus was approximately 4 percent of the mean free-stream velocity at
the low pressure and 1.75 percent at the high pressure. These values
are relatively high compared with those of the order of 0.1 percent and
less that exist in low turbulence wind tunnels (ref. 11), but are prob-
ably low when compared with the intensity of turbulence in the high-
temperature gas flow of an actual engine.

Analytical Performance Prediction Method

The method of analytical performance prediction is similar to that
of references 12 and 13. Various loss assumrtions, the continuity equa-
tion, and basic one-dimensional flow equations are used to compute pa-
rameters which define the flow conditions at the mean radius between
blade rows. These parameters are then used to calculate over-all work,
efficiency, and weight flow. The loss assumptions include the
following:

Blade viscous loss. - This includes all viscous losses in the bound-
ary layer on the blade surfaces and annulus walls, and any losses caused

S8T-d



by secondary flows, tip clearances, and shock waves. The blade viscous
loss is represented by a parameter A, which is defined as a kinetic-
energy-loss coefficient in order to relate the viscous loss with veloc-
ity parameters. The parameter A is expressed as a function of average
kinetic-energy loss relative to a given blade row by equation (A7) in
the appendix. Total-pressure losses obtained from experimental surveys
of the upstream stator at design flow conditions were used in conjunc-
tion with the experimental turbine efficiency at design work and blade
speed to estimate the total-pressure losses for each blade row. These
losses, determined experimentally at the high Reynolds number operating
condition, were used to calculate the blade loss parameter for each blade
row. The values of A were held fixed in computing the turbine off-
design performance at a given Reynolds number level. This viscous loss
parameter was used in preference to that employed in references 12z and
13 because better agreement was obtained between the predicted turbine
off-design performance and the experimental performance obtained at the
high Reynolds number level.

Inlet-angle loss. - For the rotor and downstream stator another
component of the total loss is the inlet-angle loss. This loss is de-
fined as that due to deviation of direction of the blade-inlet veloclity
vector from the design value. The loss is thus equal to zero at design
conditions. At off-design conditions the inlet veloclty vector is re-
solved into components normal and parallel to the original design vec-
tor, and the normal component is assumed lost. This corresponds to the
incidence loss assumption of references 12 and 13.

Exit whirl loss. - For the l%-stage turbine it is assumed that the

downstream stator always turns the flow to the axial direction so that
the exit whirl loss is zero for purposes of over-all efficiency
calculation.

Loss variation with Reynolds number. - In order to calculate the
predicted variation of turbine performance with fluid Reynolds number,
the experimentally determined values of the blade viscous loss param-
eter N that were used in calculating the off-design performance at the
high Reynolds number were modified in the following way-.

The variation of A with Reynolds number is obtained by using the
Prandtl l/Sth-pOWer law for the turbulent boundary layer over the range
of Reynolds number considered. The Prandtl relation is:

Z - o(re,) /S (1)

This equation was derived for a l/7th-power veloclty profile in the tur-
bulent boundary layer on a flat plate with zero pressure gradient (ref.
14).
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The value of A at a given reference Reynolds number taken at the
design operating point is obtained from equation (A7) of the appendix
using design values of velocity ratio and zalculated total-pressure loss.
In order to calculate A for any other Reynolds numbers, the following
procedure 1s used:

*
(1) The momentum thickness Orer for the given reference Reynolds

number 1s calculated using equations (A8) and (A9) of the appendix in an
iterative procedure.

*
(2) The momentum thickness 6 for the desired Reynolds number is
calculated using equation (Al1O).

(3) The pressure ratio Pz/Pl is calculated using equations (A8)
and (A9) of the appendix.

(4) The value of the loss parameter ;. corresponding to the desired
Reynolds number may then be calculated fron equation (A7) of the appendix.
The derivation of the parameter A and a riore detailed discussion of its
variation with Reynolds number is given in the appendix.

The calculated values of A and the ussociated total-pressure
losses of each blade row (assuming design mean-radius flow conditions
for each blade row) for the three Reynolds numbers are tabulated in the
following table:

Inlet Rotor Downstream
stator stator

Reynolds number, 182,500

Loss total-pressure ratio®| 0.975C | 0.8943 0.9849
Loss parameter, A .077¢ .1867 .0423

Reynolds number, 39,600

Loss total-pressure ratio 0.9664 | 0.8594 0.9797
Loss parameter, A .1059 .2518 L0577

Reynolds number, 23,000

Loss total-pressure ratio 0.9626 | 0.8441 0.9774
Loss parameter, A .1182 . 2808 .0634

aRatio of blade-exit relative total pressure to the
inlet value.



RESULTS AND DISCUSSION

In evaluating the change in performance of a turbine over a range
of Reynolds numbers it is important to determine, if possible, the
change in flow conditions occurring in each blade row. This is espe-
cially true for the turbine of the present investigation because it has
a downstream stator. The flow conditions in the downstream stator may
be particularly sensitive to the effects of low fluid Reynolds numbers
because of the adverse pressure gradient through this blade row. Con-
sequently, the change in performance of the downstream stator with Reyn-
0lds number may have a dominating influence on the over-all performance
of the turbine at low Reynolds numbers.

The over-all turbine performance at three different Reynolds num-
bers is presented first. The performance results are then correlated
with the information obtained from interstage measurements in order to
determine the effect of Reynolds number changes on the performance of
individual blade rows.

Over-All Performance

The complete performance of the turbine at three Reynolds numbers
is presented in figure 2. The map is a plot of the equivalent turbine

work AR as a function of the weight-flow-speed parameter wU{e/AtBl,

e
cr
for lines of constant rating total-pressure ratio Pl/Pz,4 and equiv-
U
alent blade speed L The over-all rating efficiency Nz, 4 is
cr

shown in the form of contours on the map.

T

The variations of equivalent aerodynamic torque 3 € and equiv- ‘
W/ 6
alent weight flow ——S—EE € with over-all rating total-pressure ratio
1

Pl/Pz 4 for the three Reynolds numbers are shown in figures 3 and 4,
J

respectively. Actual data points are plotted on the figures, and values
read from the falred curves were used in calculating the performance
maps of figure 2.

The variation of the absolute flow angle at the downstream stator
exit (station 4) with equivalent work is shown in figure 5. The plotted
points are radial averages of individual probes at different circumfer-
ential positions at station 4.

The effect of Reynolds number on over-all performance can be illus-
trated by examining the variations of choking equivalent weight flow,
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peak efficiency, and maximum equivalent work at design speed as Reynolds
number varies from 182,500 to 23,000. The maps of figure 2 and the
weight-flow curves of figure 4 show a decrease of 2.30 percent in the
value of the choking equivalent weight flow over the range of Reynolds
numbers at design speed. The maps also show a decrease of approximately
5 points in the peak efficiency and a decrease of 4.00 percent in the
maximum work output at design speed as the Reynolds number was reduced
from 182,500 to 23,000.

In evaluating the extent to which flow variations in the downstream
stator affected the changes 1n over-all turbine performance, it is desir-
able to determine the performance of the first two blade rows independ-
ently. However, this was prevented by difficulties in obtaining accurate
measurements of rotor-exit flow angle at low Reynolds numbers. A dis-
cusslon showing that the change in Reynolds number affects the flow con-
ditions in both the first stator and the rotor through consideration of
the turbine choking flow characteristics ¢f individual blade rows is
presented in the following section.

Blade-Row Performance

At the low blade speeds (60- and 70-percent design) the weight flow
curves of figure 4 show that the inlet stator is choked because the
choking equlvalent weight flow is unchanged with blade speed. At this
condition the choking equivalent weight flow 1s reduced 1.30 percent as
the Reynolds number is decreased from 182,500 to 39,600 (figs. 4(a) and
(b)). Apparently the stator effective flcw area is reduced by this
amount because of the increased boundary-layer displacement thicknesses
in the stator as the Reynolds number is reduced.

At rotor speeds from 80- to 1l20-percent design, the choking equiv-
alent weight flow at a given Reynolds numter varies with blade speed,
indicating choking either in the rotor or downstream stator (fig. 4).
At design blade speed, the rotor blades are designed to choke at a pres-
sure ratio less than that required to choke the downstream stator. As
the over-all pressure ratio is increased teyond that required to choke
the rotor blades, the rotor should reach limiting loading work output,
and then choking should occur in the downstream stator. However, be=-
cause of possible errors in blade fabrication, or in blade-loss estima-
tion used in the design procedure, the dovnstream stator may choke at
some over-all pressure ratio lower than ttat at which the rotor reaches
limiting loadings. In this case the maxinum work output of the turbine
is limited by choking in the downstream stator. In order to determine
whether this occurred in the subject turbine, the ratio of static pres-
sure at a given axial station to the inlet total pressure 1s plotted as
a function of over-all pressure ratio in figure 6. If, for a given
over-all pressure ratio, the curve for a given station has a definite



E-185

13

slope, while the curve for the preceding station has zero slope, the
blade row between those statlons is choking. The values of over-all
pressure ratlo at design speed for rotor choking, maximum work, and
downstream stator choking are summarized in the following table:

Reynolds Approximate over-all pressure
number | ratio (Pl/P4,z) at design speed
Rotor Maximum | Downstream
choking work stator
choking
182,500 2.2 2.5 2.5
39,600 2.3 2.6 2.6
23,000 2.3 2.6 2.7

The ratios Pl/Pz 4 for rotor choking and that for downstream

stator choking were es%imated from the curves of figure 6. The ratio
for maximum work was obtained from the design-speed torque curve of
figure 3 where the curve slope is initially zero.

According to the values of pressure ratio in the above table, the
turbine either reached limiting loading work output at approximately
the same pressure ratio as that at which the downstream stator choked,
or downstream stator choking is limiting the turbine work output. The
differences in the values of pressure ratio obtained from figures 3 and
6 are too small to provide a definite conclusion of the occurrence of
limiting loading except at the lowest Reynolds number. According to
figure 3(c), the over-all pressure ratio at limiting loading work was
2.6l at design speed for the Reynolds number of 23,000. The downstream
stator did not choke till a higher pressure ratio was reached, as indi-
cated in figure 6(c). Thus, it is concluded that the rotor reached lim-
iting loading work at the lowest Reynolds number. According to refer-
ence 9 it was shown that limiting loading work was attained at all but
the 110~ and 120-percent design blade speeds. Although the turbine of
the present discussion differed from that of reference 9 by the removal
of the tip clearance recess from the outer wall, the performance results
were practically identical. It is thus concluded that the subject tur-
bine reached limiting loading work at the highest Reynolds number.
Since it has also been shown that the turbine reached limiting loading
at the lowest Reynolds number (23,000), it may be concluded that the
turbine also reached limiting loading at all intermediate Reynolds
numbers.

A gualitative estimate of the effect of low fluid Reynolds number
operation on rotor performance can be seen by examining the weight-flow
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curves of figure 4 and the choking pressure ra-ios in the preceding table
(p. 13). From figure 4 it can be concluded thut, for a constant blade
speed and pressure ratio, the choking equivalent weight flow decreases in
value as Reynolds number is decreased. If, at design speed, a value of
pressure ratio between that for initial rotor choking and that for down-
stream stator choking (table, p. 13) is chosen, the decrease in weight
flow with Reynolds number at this pressure ratlo indicates that the ef-
fect of lower fluid Reynolds number on the rotor is to decrease the chok-
ing weight flow through the rotor as Reynolds number decreases. It is
concluded that either the rotor or inlet-stator effective flow ares is
reduced because of increased viscous losses upstream of the rotor throat
as the Reynolds number is decreased to the lower values.

SeT-H

The equivalent design work at design speed was not obtained at the
lowest Reynolds number (23,000), as indicated in figure 2(c). The
curves of figure 2 show a decrease of 4 percent in the experimental
value of maximum rotor work at design speed as the Reynolds number
changes from 182,500 to 23,000. The 4-percent decrease in experimental
maximum work is probably due to a combination of decreased rotor-inlet
and exit whirl resulting from increased inlet stator and rotor viscous
losses. It may be concluded that a combination of high viscous losses
in both the rotor and inlet stator prevented tie turbine from delivering
design work output at the lowest Reynolds numbar.

Over-All Loss Variation With Reynolds Number

The enthalpy changes through the turbine zan be expressed as

Mg, = Bhyg - Ohy (2)
and the efficiency as
Ah
= (3)
id

A combination of equations (2) and (3) gives

l1-1_ Ahy,

n T Ahg, (4)

The term i_%_ﬂ is then the ratio of the entlalpy loss to the total en-

thalpy drop through the turbine. If this loss parameter is assumed to
represent a momentum loss due to viscous friction, it can be considered
proportional to the boundary-layer momentum tkickness on the blade sur-
faces and annulus walls within the turbine. The variation of this loss
parameter with Reynolds number at a given rotcr speed and constant actual
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work output is then an indication of the change in viscous loss with
Reynolds number and may be expressed by equation (1) as

l1-1 1/5
L = il _ Rerer (5)
_(1-3) “ \ Re
K ref

where the highest Reynolds number is used as a reference value. The
theoretical variation of the over-all turbine loss parameter L is then
shown in figure 7 as a straight line using the reference Reynolds number
as 182,500.

In figure 8(c) the peak efficiency for each of the three Reynolds
numbers at design rotor speed occurs at a work output of approximately
16.00 Btu per pound. At this point most of the change in over-all loss
is due to changes in viscous loss. The values of over-all efficiency
Nz, 4 at the peak efficiency points were used to calculate the over-all

turbine loss parameter L, at each Reynolds number. These experimental
values of loss parameter are shown in figure 7.

The slope of the experimental curve appears to flatten as the Reyn-
olds number ratio approaches 1.0 (fig. 7), corresponding to a Reynolds
number of 182,500. This trend also occurred for loss as a function of
Reynolds number in the compressor-stage investigation of reference 1,
which indicated that a constant value of momentum loss exlsts at Reyn-
0lds numbers of approximately 200,000 and higher. This is probably
caused by the effect of blade surface roughness. For relatively high
Reynolds numbers the laminar sublayer of the turbulent boundary layer
becomes very thin, and the average blade-surface-roughness height is
then the controlling influence on viscous losses.

In the compressor investigation of reference 5 loss varistions were
recorded which correlated well with laminar boundary-layer theory at low
Reynolds numbers. The critical Reynolds number for transition from lam-
inar to turbulent flow occcurred at a value corresponding to approximately
0.18 on the abscissa of figure 7. In the present investigation the low
Reynolds number loss variation closely approximates the variation spec-
ified by turbulent boundary-layer theory, and no apparent transition was
observed. This is probably due Principally to the relatively high value
of free-stream turbulence intensity (4 percent) at the turbine inlet.
The high free-stream turbulence would induce transition from laminar to
turbulent boundary-layer flow on the blade surfaces at a chordwise posi-
tion close to the blade leading edge, so that the boundary layer is tur-
bulent over most of the blade surface.
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At the Reynolds numbers investigated, the theoretical loss varia-
tions based on the relation of equation (5) are in good qualitative
agreement with the experimental results. Thus the l/5th—power law is
a good qualitative approximation for estimating over-all turbine loss
veriations with Reynolds number if the Reynolde numbers are low.

Theoretical and Experimental Reynolds Number Effects

The Prandtl 1/Sth-power law for the turbu’.ent boundary layer was
used as outlined in the appendix in estimating the variation of viscous
loss with Reynolds number. Fundamental boundary-layer relations were
used to estimate blade viscous losses at a given Reynolds number. These
procedures gave satlsfactory results when used as part of the perform-
ance prediction method for calculating theoretical turbine performance
for the range of Reynolds numbers.

Sg1-d

In figure 8 the Reynolds number effect on the over-all turbine ef-
ficiency Nz, 4 is shown for speeds ranging from 80 to 120 percent of
design. Both experimental and theoretical valies are shown. Good agree-
ment between the theoretical and experimental urves is observed except
at the high and low extremes of work output. 'Theoretical values of lim-
iting loading work are low except at the two highest speeds. Differences
between theoretical and experimental curves must be attributed to the -
difficulty of calculating blade losses accurately at off-design condi-
tions. However, for most of the performance range, the method of per-
formance prediction is considered to be an effactive means of estimating
turbine performance.

At design speed the peak efficiency decrease with Reynolds number
at an equivalent work of 16.00 Btu per pound is 5.00 points for both
theory and experiment.

Even though the ability of the performance prediction method to
calculate the absolute magnitude of the chokirg weight flow and maximum
turbine work output is not completely satisfactory, it is a very effec-
tive means of predicting the changes in chokirg weight flow and maximum
work output over a range of Reynolds numbers. The variation of the ra-
tio of the choking weight flow over a range of Reynolds numbers divided
by the choking weight flow at the reference Reynolds number is shown in
figure 9 for both the experimental data and the performance prediction
method. Also figure 10 shows the variation ol the ratio of maximum tur-
bine work output over a range of Reynolds numters divided by the maximum
turbine work output at the reference Reynolds number for both the exper-
imental data and the performance prediction me:thod.



The decrease in over-all efficiency from the highest Reynolds num-
ber of 182,500 to the low Reynolds numbers of 39,600 and 23,000 is pre-
sented in terms of an efficiency difference as a function of turbine
work at design speed in figure 11. Experimental and theoretically pre-
dicted curves are presented for each of the low Reynolds numbers. The
agreement between experimental and predicted efficiency difference 1is
better for the lowest Reynolds number (23,000) over the entire range of
work output than for the Reynolds number of 39,600. For both of the low
Reynolds numbers the predicted change in efficiency agrees best with the
experimental value in the region of peak efficiency (Ah/@cr = 16.00

Btu/1b).

The simple l/Sth-power relation of equation (5) was used to calcu-
late the efficiency change points at a work output of 16.00 Btu per
pound where the viscous losses predominate. These points are plotted
for both Reynolds numbers as shown in figure 11, and show that the szimple
l/5th—power relation 1s a fairly good approximation for efficiency change
with Reynolds number in the region of peak efficiency at design speed.
The points shown differ from the experimental values by 1.20 and 0.70
percent for the Reynolds numbers of 39,600 and 23,000, respectively.

In general, it 1s concluded that the theoretical performance pre-
diction method used along with boundary-layer relations is a good approx-
imation at a given Reynolds number if the reference Reynolds number pa-
rameters are calculated using design velocity diagrams and accurate val-
ues of blade losses at the design operating condition.

Loss Analysis

A breakdown of the wvarious blade losses calculated as part of the
theoretical performance prediction method for the Reynolds numbers of
182,500 and 23,000 is shown in figure 12. The losses due to incidence
angle and the viscous blade loss are shown as consecutive decreases in
efficiency between the curves over the range of turbine work output at
design speed. The lowest curve is the theoretical over-all efficiency
nz’4. For both Reynolds numbers the viscous blade loss 1s the major

portion of the total loss, especilally at high work outputs near the de-
sign value of 22.31 Btu per pound.

As the Reynolds number is decreased from 182,500 to 23,000, the
theoretical rotor viscous losses increase so that approximately 3 to S
additional points in efficiency are lost, depending on the work output.

At the lower Reynolds number the theoretical viscous losses in each
blade row were greater than those at the high Reynolds number, as is
shown by the increased displacements between the curves.
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For each Reynolds number at design speed, the incidence losses are
significant only at the lower values of work output.

SUMMARY OF RESULTS

1. Experimental investigation and analysis of the performance of a
turbine over a wide range of Reynolds numbers showed that losses in-
creased with decreasing Reynolds numbers, wnich caused reductions in
flow, torque, and efficiency at a given equivalent speed and pressure
ratio. The analysis showed that for the turbine discussed herein the
changes in turbine performance near design operating conditions were due
primarily to a simple increase in the turbulent boundary-layer losses on
the blade in accordance with the Prandtl l/bth—power-law variations.
Changes in incidence and secondary flow effects with Reynoclds number
were not significant.

2. At design speed the measured peak over-all turbine efficiency de-
creased 5.00 peints for both theory and experiment as Reynolds number de-
creased from 182,500 to 23,000.

3. The choking equivalent weight flow decreased 2.30 percent as
Reynolds number decreased from 182,500 to 23,000. The location of chok-
ing in the turbine was the same for all Reynolds numbers at design speed.

4. The data indicated that the rotor r=ached limiting loading work
output at design speed at all three Reynolds numbers. The limiting load-
ing vork output at design speed decreased 4.00 percent as Reynolds num-
ber was reduced from 182,500 to 23,000.

5. The theoretical performance calculation method employing funda-
mental boundary-layer relations provided a good approximation of turbine
performance at a given Reynolds number if tae reference Reynolds number
parameters are calculated using design veloczity diagrams and accurate
values of blade losses at the design operating condition.

6. Design equivalent work was not obtained at the lowest Reynolds
number (23,000) because of high viscous losses in the inlet stator and
the rotor.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, February 12, 19t¢
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APPENDIX - BLADE LOSS PARAMETER AND VARIATION WITH REYNOLDS NUMBER
Loss Coefficients and Boundary-Layer Parameters

The kinetic-energy loss due to friction may be represented by a
coefficient A which is the lost portion of the average kinetic energy
contained in the average velocity across a blade row. The average ve-

locity is defined as
2 2
v 1 {Vin Ve
=] ANz |\a.) *\a- (a1)
cr av cr cr

The ideal average kinetic energy is related to the actual kinetic energy

by
(ﬂ - (_9_‘_’ + 72X (a2)
Gcr id dcr 8cr

then

The total-pressure loss can be expressed as a function of V_./a.,. and
N Dby using the isentropic relation

I
Vo el
5 - l-iii(;j-ﬁ (2)
Combination of equations (A3) and (A4) gives
J_
EE_ = |1 - YL \er (A5)

p. 2
in 1 r - 1 Vav
T+ 1\a.,



z0

Equation (AS5) can be written for a given bl:zde row, that is, the inlet
stator, as

P, = z (a6)
L . 1 .r-1 XEX
Yy +1 8 .

A solution for the loss parameter A gives

(A7)

2 -1
1 -1 =< (XEX> f?_
_ Y+ 1\a,,. 1 P,
= - > -
Y -1 av
Yy +1 .
Thus A may be expressed for any blade row by using the average of the
relative inlet and exit critical velocity retios and a total-pressure

loss relative to the blade at the operating point where these velocities
exist.

A relation is desired between the loss parameter A and the Reyn-
olds number. In order to do this the loss parameter is first determined
as a function of the boundary-layer momentur thickness 9*, so that
Prandtl 1/5th-power law as expressed in equation (1) may be used.

The total-pressure loss used in calculating the loss parameter A
for a blade row is expressed as a function cf the design flow conditions
and the displacement thickness & 1in the plane of the trailing edge
and at the blade exit by equation (C22) of raference 15:

3*
(), eos ot - 55EE)
Pn PpYer fs,n e

= (A8)

Pin oV,
pTVcr m

The momentum thickness is proportional to the viscous loss and is
related to the displacement thickness by the form factor H as

6—)(—
H=— (A9)
9*

AT
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where H 1is a function of the free-stream critical velocity ratio and
the boundary-layer velocity profile as expressed by equation (Bl12) of
reference 15. This relation accounts for compressibility effects at the
higher critical velocity ratios. A chart of H as a function of the
critical velocity ratio V/acr for a l/7th—power boundary-layer veloc-

ity profile was used in the present calculation.

In order to obtain the loss parameter A at a given Reynolds num-
ber, the Prandtl relation of equation (1) is written as

* Re l/5
- () (120
ref

e

Calculation of Loss Parameter at the Reference Reynolds Number

Use of either experimentally determined or assumed values of veloc-
ities and total-pressure losses through the turbine enables a value of
A for each blade row to be calculated for the design condition by use
of equation (A7). This value of A for each blade row is then held
constant in the calculation of the predicted over-all turbine perform-
ance at the reference Reynolds number.

Variation of A with Reynolds number. - In order to obtain the
loss parameter A at any given Reynolds number other than the refer-
ence value, the following procedure is used.

(1) The momentum thickness Gﬁef

is calculated using equations (A9) and (A8) as follows: The form factor
H 1is determined from the known velocities at the turbine design point
with an assumed value of Qref; [3) can be obtained from equation (A9).

at the reference Reynolds number

The parameter 8* is then used in equation (A8) to obtain the total-
pressure loss for a blade row. The pressure loss is calculated using
successive values of Q?ef in an iterative process until agreement is
obtained between calculated and experimental values.

(2) The momentum thickness 9* for the desired Reynolds number is
calculated from equation (Al0).

(3) With the momentum thickness 6" corresponding to the desired
Reynolds number, the total-pressure loss for each blade row is calculated
using equations (A8) and (A9). The velocities used in obtaining the val-
ue of parameter H and those used in equation (A9) were the design val-
ues at the reference conditions.
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(4) The value of the loss parameter A for each blade row corres-
ponding to the desired Reynolds number is calculated using equation (A7).
The calculated value of the loss parameter A for each blade row is
then used in the theoretical performance prediction method.
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Choking weight flow ratio
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Figure 9. - Turbine choking weight flow as a function of Reyn-

0lds number at design speed.
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Decrease in turbine over-all efficiency from high
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Figure 11. - Change in efficiency as a function of equivalent

work and Reynolds number at desigr rotor speed.



E-185

47

I [

s Downstream stator incidence
EEEA?Y Downstream stator loss

AN - Stator loss

Rotor

incidence

N

)

NN

N

(02

V]

%
0%

%
-

NNz

er, 182,5

Turbine efficiency, 0

90|24

N\

N\

V77

)

7/

o

%
7
2

80|

LN

8 10 12 14

1

6

1

8

Over-all equivalent turbine work, %E_, Btu/lb
er

{b) Reynolds number,

23,00

0.

Flgure 12. - Effect of various losses on efficlency, 100-percent speed,

dexes, 0,126 and 1.0.

NASA - Langley Field, Va. E-185

20

2

2

24

and Reynolds number in-






VSVN

6-X WL VSVN

“m AJuey ‘ayord

"d preuod ‘1ASII0H

- J12qoy ‘9pexroq
(x'1°L¢)

MO[J-TeXY - Saugan],

(1°L°g) juowrradxy pue

Kx0ay], Mol g sulqIny,

(€1°¢)
12foqan], ‘saurdug

Al
it

P
‘I

€

(19A0)

al) pepracad poad sem §)INEaT TejuaWIadXad Yits uor)
-2[a110D YL - JIQWNU SPIOULIY Yora e ddurwIojrad
aupqaN] IBNOTED 0] PASn SeM SUOTIE[21 Jake[-Arepunoq
Tejuswepuny Suisn poyjew UOHITPaxd adueWw.I0}

-1ad TeOonIATRUR UY ‘SI3QUINU SPIOUAIY MO[ Je 828807
SNODSTA POSEIIOU] WOIJ PAY[NET JIQUINU SpTousay
Yy aouewo)rad Uy UOTIEIO1I)3P JBY) PajedIpul
J0Y8)S UTEaI}SUMOp © YA 2urgan} ndino-srom-yary
a3e}s-913urs € Jo siaqunu Spoukay 231y} je uoierado
ayy Jo uoniedrisaAut TeoriATeue pue TejuawrIadxe uy

(6-X WNANVHOWINW TVOINHIIAL VSVN)

‘s1fep "dLy  "6961

saquajdog ayord "M AJusH pue ‘iysajof - preuod
‘anjearod J W3qod  "HOLVILIS WVIAHNLSNMOQ V
HLIM INIGUAL FOVIS-ATONIS V A0 IONVINHOL
-43d AHL NO NOILVHIJO HIEWAN SATONAIY
MO'T JO S1LOAIIF FHL 40 NOLLVDILSIANI
-uojjedisTurupy 298dg pue SO1NEUOIIY TEUOHIEN

8-X WL VSVN

VSVN

8-X WL VSVN °
‘M AJuay ‘ayord -

"d preuod ‘pisaicH

o 119q0Y ‘ay8dIod
(1°1°L°8)

MO[J -TBXY - S3ujqIn],

(1°4°¢) 1vwewyIadxy pue

L100y], morg aulqIny,

(g'1°¢)
jofloqany ‘saurlug

e85

[ B ]

(10A0)

ay) papraoad pood sem symeal rejudwiIadxa YA uoh
-g[01J00 YL - JIQUIMU SPIOULaY YOvd je dduEWIOfIad
aurqJn) 2EMMOTED 0} PISN Fes guopelal Jaker-Arspunog
TejuaTrEpun} SuISN POy} W UOT}ITPRId SOoURW IO}

-1ad Teoplireue uy -SIaqUnu SpTOULdY MO je SISS0]
BNODSTA PISEIIOU] WOI] PA}[NSaT Jaquunu Splouiay
Y aouewrzojrad up uOKBIOLIIIAP Y} PARIIpul
JOJE}S UreaIisuUMOp ® 14 auiqan) jndino-yrom-ysiy
a8e)8-278uys € Jo 8I9qWINU SpPIOuLay 931y} je uonjerado
ay} Jo uoryedisaAul TeOTIATEUR pue Tejudwiradxs uy

(6-X WNANVUOWIW TVOINHOIL VSVN)

‘sxfep "dLy 6961

Jequaydeg -ayold ‘M AIuaH pue ‘1HSITOH "X preuoq
‘oyje1r04 'HF 1190y ‘HOLVLS WYIHLSNMOA V
HLIM INIGEAL IDVIS-TTONIS V 40 JONVINHOI
-¥44d FHL NO NOLLVHIJO HIGWAN ST TONATH
MOT JO SLOAIAT THL 40 NOLLVOILSTANI
TUuoTieIIBIUTPY wuanm pue SOTINBUOJIAY TBUOTIEN

6-X WL VSVN

VSVYN

6-X WL VSVN ~
‘M Aruag ‘ayord -

*d preucq ‘PHSATOH
‘9 118q0y ‘enagrod

(T'1°L°8)
MmOTJ-TeXy - saulqany,
(1°L°€) wowiiadxy pue
£I091], MO[J OUIQIN],

(g 1°¢)

joloqiny ‘ssupduy

o BB

Y

(x9A0)

ayy pepraoad pood sea 8jMEss TRJUIWTIAdXS It uoT)
-e[o100 5Y], ‘JAqUNU SplouAaYy Yoed Je ddueumiorrad
2uqan] 2JE[NOTED O} PASN Sem SUOTIE[d Jake[-Arepunog
Tejusmepuny Suisn poylew uondIpaId IouemIIO)

-1ad TROTIATEUE UY - SI3IQqUINU SPTOULIY MO J& 82880]
SNOOSTA PaSEaIOUl WOIJ PA[NEAIL Jaquinu Spioukay
Yy aouewsolrad uy UOTIEIOTIA}AD JBY} pajedtput
J0JE}S TIBaIISUMOP € Uil dujqan) jndino-srom-ysmy
age)g-ar3urs € Jo sraqunu sprouiay I3ayy e uoryesado
au1 10 nonieST183AU] TEOoNIATRUR puE TRjudWiIadxs uy

(6-X WNANVIOWIN TVIINHOIL VSVN)

-saderp ‘dLp 6661

Jsaquajdeg ‘ayord ‘M AJUSH pue ‘I¥Sd0H " F Preuoq
‘ajjaarod ‘9 1¥2qod  "HOLVIS WVIHLSNMOA V
HLIM ANIFYNL FDVLS-ATONIS V 40 IDONVIWHOIL
-¥4dd FHL NO NOLLVHIJO dIEWNNN SATONATY
MOT J0 SLOFIIF FTHL 40 NOILVOILLSTANI
*UolIBI}STUTPY 208dS pUB SOINEUOIIY [BUOTIEN

6-X WL VSVN

VSVN

6-X WL VSVN °
‘M Lruag ‘ayord -

‘d preuoq ‘THSa10H

' y1aqoy ‘9narIog
(1°1°L°8)

MO[J-TBIXY - SaulqnL

(1°1°¢) jwewWIadxy pue

£109y], #01J 2UlqIMY,

(g'1°8)
1aloqany, ‘saurdug

=B8R

N o

(1040)

ay popraoad pood sea sjmeax Tejudwiradxs Y uony
-e[a1I00 9yl - JaquInu Sprousay yoea je dourwroyrad
auJQIN} 31ETNOTED O} Pasn Bem SUOTIE[AI Iakel-ATepunoq
TejueWepuUny Suisn poyldw uofoIpald aduew o}

-Jad TEOpIATRUR UY - SJaquunu SpTouAaYy MO je 8I880]
BNODSIA PASEAIOU] WOI) PIJNSAL Jaquinu SPIousdy
)14 aouew10}Iad U UCTIRIOLIIIGP YBY} pajedipul
J0Je}s TTEaJ}SUMOP B UiTA aulqln} ndino-yroa-ysiy
a8e}8-a73uys © JO S19qWINU SPIouLay 931Y) je uopjerado
ayy Jo uoneSTIsaAu] TEOTIATEUER pue [RjUdWIIadXe Uy

(6-X WNANVYOWEN "TVIINHOIL VSVN)

-sxBerp ‘dry 661

Taquaideg ‘ayold ‘M LauaH pue ‘I1x8aioR " d preuoq
‘91191104 " M3QOH "HOLVIS WVIHLSNMOJ V
HLIM INIFYAL FDVLIS-ATONIS V 4O JONVINHOAL
-H9d TFHL NO NOLLVYAJO HTdWNN SATONATY
MOT JO SLOAJIIT FHL 40 NOLLVOILLSIANI

* UOTJRIISTUTWPY d0edS puUE SO1INEUCIIY TBUOTIEN

8-X WL VSVN




VSVYN

YSVYN

VSVN
‘sxjwrexed - gJajewrered
aourwraojrad us8op 0} predad YA payojew A1309I100 aoupmroprad ufisap o) preSal YA paydjew A[30aII00
339 SUOT}PUOD UBISIP TedTATeve pue TejuswIadxa aJam SUOT}TPUOD uStsep TeoniATeuE pue [ejuswitadxs
6-X WL VSVN 6-X WL VSVN

VSVN
-gJ3rouresed ‘s1ajouresed

aouemIojzad udisep 0} paedas YA payojew £130a1100
aJam suorlIpuod udisap reopidreue pue [ejuewrradxa

8-X L VSVN

souemwrsojrad uBrsap 0} predas yijm payojew A[}0arxod
aIam SUOT}IIPUOD UB189p BORIATEUR puE [BIUSWLIIAXD

6-X WL VSVN



